Abstract: A safe and simple method for methyl S-arylmercapturate synthesis is described. Thirteen such compounds, to be used afterwards in metabolism studies, have been obtained with yields ranging from 71 to 99.6%. These compounds were obtained using a sulfaMichael addition and synthesized by adding the corresponding thiophenols to a mixture composed of methyl 2-acetamidoacrylate (MAA), potassium carbonate and a phase transfer catalyst, Aliquat 336. MAA, the initial synthon, was itself isolated in quasi quantitative yield following a fully described synthesis.
Introduction
Aromatic hydrocarbons belong to a broad family of chemical compounds which are widely used in many industrial applications, alone or in mixtures, and as solvents and starting products for chemical synthesis [1] . Along with the ever increasing awareness and knowledge about the toxicity of aromatic hydrocarbons [2] [3] [4] , there is a growing need for assessing reliable and specific biomarkers and for the development of sensitive analytical methods dedicated to occupational exposure biomonitoring [5] [6] [7] [8] [9] [10] .
Mercapturic acids (MA), which are N-acetyl-L-cysteine-S-conjugates (or 2-acetamido-3-sulfanylpropionic acids according to IUPAC Nomenclature) are end products of the glutathione detoxification OPEN ACCESS pathway (GSH). Since Van Doorn's preliminary studies [11] , increasing attention has been paid to these minor metabolites. Over the last decades, several MA derived from aromatic hydrocarbons have been identified and their corresponding metabolic pathways have been explained [9] [10] [11] [12] [13] . In this respect, Angerer et al. [13, 14] demonstrated that toluene and xylenes are metabolised into MA using two different oxidation pathways (Scheme 1). As an example, toluene has been shown to interact with GSH by conjugation with reactive electrophilic intermediates. The nature of these intermediates depends on the first oxidation step catalysed by cytochrome P-450 enzymes and which may occur either at the side chain or at the aromatic ring. Side chain oxidation produces benzylic alcohol, which is enzymatically transformed into a sulphate ester [11] , then to a S-benzylmercapturic acid (A) once conjugated with GSH. On the other hand, aromatic ring oxidation forms an arene oxide which leads to S-p-tolylmercapturic acid (B) after conjugation with GSH [13] . Several research teams have concluded that MAs are more selective and sensitive than traditional biomarkers, which are generally the major metabolites [11, 15, 16] . During the same period, the American Conference of Govermental Industrial Hygienists (ACGIH) and the Deutsche Forschungs Gemeinschaft (DFG) decided to publish a biological exposure index for S-phenylmercapturic acid as a biomarker of exposure to benzene [17, 18] .
For the aforementioned reasons, a growing interest in the glutathione pathway and MA synthesis has emerged. While MAs coming from side chain oxidation are well described in the literature [19] [20] [21] , MAs resulting from ring oxidation are still being investigated in order to improve their synthesis. Scheme 2 reports the five main procedures for S-arylmercapturic acids (AMA) (or ester derivative) synthesis: the reaction of aryl diazonium salts with cysteine cuprous mercaptides or with N-acetyl-Lcysteine [13, 22, 23] , the copper-assisted or palladium-assisted nucleophilic substitution of aryliodides [24, 25] , the nucleophilic substitution of aryl nitrate or nitroarylhalide [26] [27] [28] , a Mitsunobu-type coupling reaction [29] , and finally the process of Behringer et al. [30, 31] Most of the processes already described gave low yields of complicated mixtures [13, 22, 23] , or needed highly activated aromatics [28, 29, 31] . Moreover, they generally suffer from different drawbacks (longer reaction time, high temperature reaction, high starting material purity, rigorous dioxygen exclusion, tedious work-up) [30, 31] . The aim of the present study was to provide gas chromatographic standards having a methyl S-arylmercapturate structure (AME) in order to use them in biological monitoring and metabolism studies. Thirteen compounds have thus been obtained in high yields from the procedure described in Scheme 3. This process is a two-step reaction starting from 2-acetamidoacrylic acid (product 1) and involving a smooth esterification of 1 followed by a sulfa-Michael addition [32] of the adequate thiophenol on the produced acrylate (product 2, MAA) in the presence of a phase-transfer catalyst [33] . 
Results and Discussion

Methyl 2-acetamidoacrylate synthesis (MAA; 2)
Few procedures have been described in the past for MAA synthesis, and conventional acidic esterification attempts to obtain this ester often failed [34, 35] . This was probably due to the poor stability of the unsaturated structure. Rothstein et al. [34] first obtained MAA using the nucleophilic action of lead or sodium salts of compound 1 on iodomethane or dimethylsulphate, but yields never exceeded 52%. Later on, Bueno et al. [36] , using the potassium salt of 1, produced MAA in yields of up to 80%, but in crude form. Another conventional reagent, diazomethane, is known to be inadequate for unsaturated carboxylic acid esterification, yielding quantitatively pyrazolines structures [37] . Other procedures reported in the literature involve methyl alaninate, cysteinate or serinate in more complicated retrosynthetic mechanisms [38] [39] [40] .
As far as we are concerned, numerous methylation and esterification methods were investigated in the laboratory [41, 42] , but only one reagent, cesium carbonate, was applied with success. Using experimental conditions described in the literature [43] , the yield was gradually improved by increasing the ratio of iodomethane to compound 1 (Table 1) . Finally, MAA was obtained quantitatively by carefully controlling the nucleophilic substitution and the time reaction. 
Methyl S-p-toluylmercapturate (3a) synthesis: optimisation
Toluene was the first aromatic hydrocarbon to be examined when our biomonitoring studies began. Optimisation (Scheme 2, step 2) was therefore applied to obtain 3a, a mercapturate stemming from toluene ring oxidation (Scheme 1) [13] . The results concerning this particular optimisation are summarized in Table 2 . Tetrabutylammonium hydrogensulfate (TBAHS), which generally performs successfully in all kinds of phase transfer catalysis (PTC) reactions [44, 45] , was initially chosen as a catalyst. Using liquid-liquid conditions (entry 1), a complete deesterification of 2 unfortunately resulted. This negative result prompted us on the one hand to suppress water and to use a solid-liquid process [46] [47] [48] and on another hand to replace NaOH by KOH. Three reaction-condition parameters, i.e. the organic phase, the basic anion and the catalyst used, were then successively modified to improve the yields obtained.
Three solvents were thus investigated and put through the procedure. From the results of runs 3, 4 and 5, toluene may be considered as the reference solvent, other solvents appearing less suitable. This result is not in accordance with Herriott et al. who suggested that the reaction rate in PTC should be directly related to solvent polarity [49] . When the results of runs 9 and 10 were analysed, the relationship between solvent and yield did not appear so simple. The results observed with THF (tetrahydrofuran), which is a polar solvent, were similar to those obtained with toluene.
The investigations then moved on to screening two different bases [50] . The results obtained in runs 2 and 3, and comparatively in runs 8 and 9, clearly demonstrate that K 2 CO 3 is superior to KOH in terms of compound 3a formation. Furthermore, the reactions with this latter base were by far the cleanest, producing only a very minor amounts of by-products.
Two other PTC catalysts, cetyltrimethyl ammonium bromide (CTAB) and methyltrioctyl ammonium chloride (Aliquat 336), were then successively tested to conduct the sulfa-Michael addition (entries 3, 7, 8 and 9). Aliquat 336 emerged as the most active catalyst for our process (lowest quantities, highest rate).
Finally, the reaction was performed with a excess of reagent (entry 11). In fact, it is well known that arylmercaptans are particularly sensitive to oxidation. With an excess of p-cresol a quasi complete conversion was observed. To confirm the catalytic effect, the reaction was then carried out using the conditions described in entry 11 and avoiding the use of the selected PTC catalyst. In contrast with the preceding results, no reaction at all was observed at room temperature over a 24-hour stirring period.
In summary, appropriate solid-liquid phase-transfer catalysis conditions have been determined to carry out the addition of p-thiophenol to MAA, THF and toluene emerging as the solvents of choice. The addition takes place rapidly by successively adding a catalytic quantity of the basic anion (K 2 CO 3 ) and then the catalyst (Aliquat 336) to the reaction mixture, which yields 3a, the desired product, quasi quantitatively. 
Application to the synthesis of various AMEs (3b-m)
Using the optimised conditions established for 3a, the Michael addition was applied to numerous thiophenols ( Table 3) . As expected from previous results, thiophenols bearing para but also ortho electron donating groups reacted quickly, giving the corresponding AMEs 3b-d in remarkable yields in less than 5 hours. Similarly, thiophenols bearing two electron donating groups afforded AMEs 3e-h in satisfactory yields, but needed generally slightly longer reaction times.
In order to complete the knowledge of this procedure, several other thiophenols were then investigated. It was successively demonstrated that a donating group was not required (3i), and, that despite the electron withdrawing group presence, 3j-l can be obtained in relatively satisfactory yields with reaction times ranging from 5 to 18 hours. In addition, and unexpectedly, a thiophenol bearing five electron withdrawing groups (3m) gave similar results.
Finally, our procedure is safe, simple, convenient, and compatible with numerous substrates and, by and large, produced AMEs in higher yields compared to other protocols [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Furthermore, availability and low cost of Aliquat 336 are an additional favourable factor to consider. 
Conclusions
Methyl S-arylmercapturates have been synthesized according to a two-step reaction starting from compound 1 (Scheme 2) and involving a sulfa-Michael addition whose reactivity was enhanced by adding a phase transfer catalyst. A simple and efficient synthesis of MAA (2), the intermediary synthon, is described. The complete method proceeds smoothly with typical yields ranging from 71 to 99.6%, and may be applied to various thiophenols bearing electron donating groups or electron withdrawing groups. These compounds were then used as standards in gas chromatographic analysis and in metabolism studies.
Experimental
General 2-Acetamidoacrylic acid (1), thiophenol, chlorothiophenol, pentachlorothiophenol, 4-toluenethiol, 2-ethylthiophenol, 2-toluenethiol, cesium carbonate, tetrabutylammonium hydrogensulfate (TBAHS), cetyltrimethyl ammonium bromide (CTAB) and methyltrioctyl ammonium chloride (Aliquat 336) were purchased from Sigma-Aldrich-Fluka. 4-bromothiophenol, 2,4-dimethylthiophenol, 2,5-dimethyl-thiophenol, 3,4-dimethylthiophenol and 3,5-dimethylthiophenol were all available from Acros Organics (Fisher Bioblock, France). Finally, 4-ethylthiophenol was obtained from Avocado (Interchim, France). All the other chemicals were of analytical grade.
1 H-NMR and 13 C-NMR spectra were obtained on a Bruker AM 400 spectrometer operated at 400 and 100 MHz, respectively. The chemical shifts are reported in parts per million relative to TMS. The melting points (m.p.) were determined with an Electrothermal digital melting point apparatus and were uncorrected. The elemental analyses (EA) were performed by the Central Analysis Department of CNRS (Vernaison, France). The mass spectra (MS) were collected in electronic impact mode (70 eV) on a Varian 1200 MS/MS mass spectrometer coupled to a Varian 3800 gas chromatograph (GC). A Varian DB-5MS column (30 m; 0.25 mm; 0.25 μm) was used for the AME chromatography. The carrier gas was helium (1 mL/min). The injector (split ratio = 30) was held at 250 °C. The GC oven program was: 70 °C initial temperature, isothermal for 1.5 min, then 15 °C/min to 250 °C, and finally isothermal for 7 min. Thin-layer chromatography (TLC) was carried out on Merck 60 F254 precoated silica gel plates (0.25mm) using diethyl ether (100%) as eluent (R F in Table 3 ). Spots were visualized successively with a UV lamp (λ=254 nm) and iodine vapors.
Methyl 2-acetamidoacrylate synthesis (MAA; 2)
Cs 2 CO 3 (4.2 mmol) was added to 1 (1368 mg, 8.4 mmol) dissolved in MeOH (20 mL), and the mixture was stirred at room temperature for one hour. The methanolic solution was concentrated until dryness. Iodomethane (42 mmol; 2.7 mL), in controlled portions and undergoing constant stirring, was added over a two-hour period to the residue dissolved in DMF (30 mL). The reaction mixture was finally concentrated to dryness, and the crude residue, purified over a silica gel column using diethyl ether (Et 2 O 100%, R F = 0.55) as eluent, gave 1199 mg of 2 as white needles, i.e. a yield of 99. General procedure for methyl S-arylmercapturate (AME) synthesis: compounds 3a-m Compounds 3b to 3m were synthesized using the parameters defined for 3a in Table 2 entry 11 and  in Table 3 . Briefly, adequate thiophenol (1.4 mmol), Aliquat 336 (32 mg, 0.08 mmol) and finally powdered potassium carbonate (41 mg, 0.3 mmol) were added respectively to 2 (143 mg, 1 mmol) dissolved in toluene (30 mL, except if otherwise indicated in Table 3 ). The reaction mixture was stirred at room temperature and regularly monitored by thin layer chromatography using Et 2 O as eluent (R F , Table 3 ). The mixture filtered, the crude product, isolated after solvent removal, was subjected to silica gel column chromatography using Et 2 O as eluent. Yields are given in Table 3 . 
2-Acetamido-3-p-tolylsulfanylpropionic acid methyl ester (3a
